To understand the impact of a hypovirus infection on the secretome of the chestnut blight fungus, Cryphonectria parasitica, a phytopathogenic filamentous fungus, two-dimensional electrophoresis (2-DE) and isobaric tag for relative and absolute quantitation (iTRAQ) technology were employed to identify and quantify the secreted proteins. A total of 403 unique proteins were identified from the secretome of the wild type virus-free strain EP155. Of these proteins, 329 were predicted to be involved in known secretory pathways and they are primarily composed of metabolic enzymes, biological regulators, responders to stimulus and components involved in plant-pathogen interactions. When infected with the hypovirus CHV1-EP713, 99 proteins were found to be differentially expressed as compared to the wild type strain EP155. These proteins were mainly related to plant cell wall degradation, response to host defense, fungal virulence and intracellular structure. The effects of CHV1 on secreted proteins may reveal a relationship between physiological pathways and hypovirulence.
The chestnut blight fungus, Cryphonectria parasitica is a well-known forest pathogenic fungus which destroyed billions of American chestnut. Physiological and pathogenetic aspects of this fungus have been investigated deeply 1 . Transcriptional research based on EST library and cDNA microarrays revealed a wide range of pathogenicity-related genes 2, 3 . A useful model system for the study of mycovirus-host interactions and fungal pathogenesis has been established based on the hypovirus, associated with C. parasitica 1 . Recently, the proteomic analysis was also carried out and some useful information about perturbation of host proteins and splicing forms of viral proteins was found 4 . However, the proteomic study of this model system was just in start-up phase. Secreted proteins have been implicated for pathogenesis in bacteria and fungi 5, 6 , and large scale of secretome research has been performed in certain organisms 7, 8 . A study on the secretome could aid in elucidating the interactions between organisms and their environment 9, 10 . In the kingdom of fungi, the secretome of yeast got relatively comprehensive study and 81 unique proteins were identified by physical and computational analysis in Kluyveromyces lactis 11 . Due to the complicated and difficult preparation of extracellular samples, the secretome research on phytopathogenic fungi was still limited and only a small part of secreted proteins have been effectively identified 6, 12, 13 . A part of secreted proteins have been confirmed as filamentous plant pathogen effectors and essential for pathogen invasion through gene function research 14 . Sufficient experimental data and information from proteomic analysis will be helpful to better understand the secretory pathway for filamentous fungi 15 . One of the most studied and well-known secreted protein of C. parasitica is a fungal hydrophobin, cryparin. This protein is most abundant and essential for stromal pustule eruption 16, 17 . Cryparin contains a signal peptide which directs it to the vesicle-mediated secretory pathway and post-translationally processes by Kex2 endoprotease 18 . In a further study, cryparin-GFP fusion protein was used as a marker to monitor secretion in wild-type and viral infected strains 19 . Meanwhile, the sub-proteomic study of fungal secretory vesicle was carried out 4 . These experimental results suggested that the virus perturbed trans-Golgi network mediated secretory pathway which was important in fungal development and virulence.
In this study, we used modified sevag method to prepare high quality secreted proteins from C. parasitica, that were suitable for proteomic analysis 20 . Two-dimensional electrophoresis (2-DE) and isobaric tag for relative and absolute quantitation (iTRAQ) technology were selected to analyze secreted proteins. The identified secreted Scientific RepoRts | 6:34308 | DOI: 10.1038/srep34308
proteins were classified and searched via BLAST against the Fungal Secretome Database (FSD) 21 . The investigation of the regulated fungal secretome upon hypovirus infection was also carried out. The current study provides important experimental information on the secretome for this pathogenic filamentous fungus and gives direct experimental evidence to interpret the relationship between hypovirulence and secreted proteins.
Results
Time course of protein secretion, and 2-DE and Mass spectrometry analyses. Protein samples prepared using the modified sevag method 20 yielded a high quality PAGE and 2-DE separation ( Fig. 1 ). As seen on 2-DE analysis of wild type EP155, maximum number of proteins could be recovered from the medium at day 3. As the culture time progressed to day 5, the number of proteins dropped and a few proteins accumulated to a much higher abundance at day 7. At this stage, most of proteins with higher molecular weight (MW) disappeared while proteins with lower MW accumulated to a higher level, mainly because of the over expression and accumulation of several high abundant secreted proteins with lower MW (Fig. 1 ). These characteristics of protein secretion time course were confirmed by 2-DE analysis: 130 ± 10 proteins was found from day 1 sample, 382 ± 20 from day 3 sample, 145 ± 10 from day 5 sample, and 82 ± 10 from day 7 sample (Fig. 1B) . Since the largest number of proteins was recovered on day 3, this time point was set to be the prime time to collect secreted proteins in this study. The protein spots appeared on 2-DE gels were extracted and trypsin-digested for MS identification. A total of 101 unique proteins were successfully identified ( Fig. S-1 , Table S-1). The highest abundant secreted protein (No. 107, 22 kDa glycoprotein) could be erased from secretome by knockout of the coding gene ( Fig. S-2 ).
Identification and quantification of secreted proteins. iTRAQ MS/MS technology was used to identify secreted proteins. A total of 403 secreted proteins labeled with iTRAQ kit were successfully identified in all three independent experiments. Among these, ninety-nine proteins were classified as differentially expressed with change of ± 1.5-fold or more in abundance upon hypovirus infection (Tables 1 and 2, Table S-2 for detailed  information, Table S-8 with single peptide information). Proteins that did not show a significant change upon hypovirus infection were listed in Table S-3 and the identified proteins which did not show up in all of the three independent experiments were listed in Table S-4. As the negative control, fresh EP complete medium was also concentrated and analyzed by mass spectrometry to exclude possible protein contaminants. Three proteins were identified from EP medium under the same experimental conditions and only one of them appeared in iTRAQ identification with no significant change between virus-free strain EP155 and virus-infected EP713 (Table S-5) .
Classification and characterization of the secreted proteins. Secreted proteins identified were subject to GO annotations by QuickGO 22 to form the original plot. As could be seen in Fig. 2 , a series of biological . Forty-eight percent of the proteins belongs to Class SP 3 type, 22% to Class SP, 6% to Class SL, 6% to Class NS, and 18% has no match in the FSD (Table S-6 ). The non-matched proteins include mainly structural proteins, intracellular enzymes, and uncharacterized proteins.
Confirmation of the expression level of secreted proteins.
To confirm the accuracy of secreted protein expression level detected by iTRAQ, antibodies against non-differentially expressed protein (the 22 kDa glycoprotein) and differentially expressed protein (the 14-3-3 protein) between virus-free strain EP155 and virus-infected strain EP713, were quantified by Western blotting (Fig. 3) . The results showed that 22 kDa glycoprotein was at similar level in strains EP155 and EP713, whereas 14-3-3 protein was at a lower level in EP713 compared with EP155, demonstrating the highly accordance between iTRAQ and Western blot analysis.
Comparison of protein level in and out of the cells. Since proteins detected in medium could be the result of active secretion, or passive release due to cell lysis, we performed Western blot analysis of secreted and intracellular proteins. As shown in Fig. 4 , 14-3-3 protein and 22 kDa glycoprotein were mostly in the medium, whereas GAPDH and prohibitin which were considered to play their roles intracellularly were mostly in the cells, showing an active secretory mechanism, rather than a random release by cell lysis due to cell death.
Correlation of mRNA level and protein level. mRNA extracted from the fungal mycelia from one of the three sample replicates for secreted protein preparation were subject to digital quantification by RNA-seq. A comparison of the mRNA level (Supplemental Table 7 ) and the secreted protein level of EP155 and EP713 revealed that there was a complex correlation in general between the mRNA level and protein level for individual genes (Tables 1 and 2 ), suggesting that transcription regulation, post transcription regulation, and secretion regulation may all influence the outcome of a secreted protein.
Discussion
We used 2-DE and iTRAQ technology to analyze the secretome of C. parasitica and identified more proteins, as compared with previous reports on the fungal secretome 6, 12, 13 . The 2-DE system was convenient and straight forward to observe protein expression level than other proteomic techniques. But with complex samples such as fungal secreted proteins in this study, gel resolution and background were hard to optimize. This situation could lead to low protein spots recognition and low matching rate and further interfere with MS analysis. A better resolution of secretome could be achieved in 2-DE by knocking out the coding gene of the highest abundant secreted protein ( Fig. S-2) . A comparison of the 2-DE of the wild type and the 22 kDa glycoprotein knockout mutant reveals that some new protein spots appeared while some disappeared, for example, the cell wall related proteins pectin lyase A (No. 42 and 43), PhiA (No. 129) and glucanase (No. 130) were significantly down-expressed, which would seriously impact the normal cell wall construction. Meanwhile, the Rho GDP-dissociation inhibitor (No. 134 and 153) was up-expressed which may result in the activation of the superoxide-forming NADPH oxidase 23 . This phenomenon suggests that 22 kDa glycoprotein as a secreted protein regulates other secreted proteins. Further study on the 22 kDa glycoprotein may provide new insights into the regulation network of secretome in fungi.
We observed that some protein spots, such as No. 137 identified to be 3-phytase A precursor, appeared to be with much lower molecular weight than predicted (11 kDa via 58 kDa). We assume that these proteins may have been processed by a protease either before or after the secretion. Giving the harsh environment in the culture medium, protein breakdown seems to be unavoidable, but the speed of degradation may vary from protein to protein, as shown in the secretion time course (Fig. 1) . In this regard, 2-DE coupled with mass spectrometry is a good method to detect and identify the protein isoforms. Hypovirus-free strain EP155 was set as reference. The average change (EP713/EP155) were from three independent experimental data. '(− )' , '(↑ )' , '(↓ )' meant mRNA expression level of the corresponding gene was unchanged, up-regulated, down-regulated respectively upon hypovirus infection using high-throughput sequencing by Genome Analyzer IIx (Illumina To increase the throughput of protein detection and quantitation, iTRAQ technology was employed to analyze the secreted proteins. The number of proteins identified was almost 4 times as many as those identified by the 2-DE (101 proteins, Fig. S-1 and Table S-2) and more than 95% of 2-DE derived proteins were covered by iTRAQ identification (Table S-1) . To ensure the quality of secreted protein samples and to exclude possible contaminants, Amicon 10-kDa centrifugal filters were used to remove intracellularly degraded peptides before protein digestion and iTRAQ labeling. This measure also effectively discriminated the possible contamination by the degraded peptides derived from the culture medium.
A large proportion of the secreted proteins were identified to be extracellular enzymes that take part in nutrients utilization and possess hydrolase and lyase activities. Others are involved in interaction between the fungus and the external environment including response to stimulus, antioxidation, cell development and signal transduction (Fig. 2 ). There were 58 proteins with unknown functions and 95 proteins with no apparent relationship with extracellular functions. By Western blotting analysis of the intracellular and extracellular location specificity of four proteins, we further demonstrated the secretion of proteins in C. parasitica was an active but not a passive process (Fig. 4) , i.e., proteins in the medium were unlikely released due to the cell death or rupture. Table 2 .
List of down-regulated secreted proteins upon hypovirus infection identified by HPLC-ESIOrbiTrap MSMS.
a Accession number from Cryphonectria parasitica database v1.0. b Hypovirus-free strain EP155 was set as reference. The average change (EP155/EP713) were from three independent experimental data. '(− )' , '(↑ )' and '(↓ )' mean mRNA expression level of the corresponding gene was unchanged, up-regulated, down-regulated respectively upon hypovirus infection using high-throughput sequencing by Genome Analyzer IIx (Illumina). Computational analysis of the experimental data revealed that an integrated platform was necessary for fungal secretome prediction. FSD uses several methods to predict the secretome independently and provides a complete and detailed report of the sequence BLAST information 21 . It was predicted by using the FSD platform that the putative secretome of C. parasitica includes 2,084 proteins from 11,184 ORFs. The experimental secretome, containing 403 proteins, is much smaller than the putative secretome. BLAST searching identified 329 proteins as putative secretome proteins from C. parasitica (Table S-6). Certainly one can not obtain all secretome information from one set of experiment, as the proteins may secrete at different times and different conditions.
Proteins playing important roles in the infection process, such as cell wall degradation, anti-host defense, virulence and intracellular structural proteins, were identified in the secretome of C. parasitica (Tables 1  and 2 ). Triosephosphate isomerase (TPI), an enzyme that catalyzes dihydroxy acetone phosphate to glyceraldehyde-3-phosphate was among the list. TPI has been shown to perform an adhesion function in the human pathogenic fungus Paracoccidioides brasiliensis 23 . We speculate that TPI may play a role in plant fungal pathogens during invasion of host cells. Pectinase, cell wall glucanase, xylanase, chitinase and celluase were all described as cell wall-degrading enzymes 24 . Pectinase can degrade pectic compounds from the plant cell wall to aid mycelium in penetrating and destroying the host cell walls 25 . Glucans and glucanase exist both in plant and fungal cell walls 26 and their interactions may illustrate the plant-pathogen interactions, including elicitation of plant defenses 27 . Deletion of these enzymes in Botrytis cinerea reduced its pathogenicity 28 . More interestingly, a large part of these infection-related proteins were regulated by hypovirus (Tables 1 and 2 ). In C. parasitica, cutinase which was necessary to degrade plant cuticles and help pathogenic fungus to penetrate into the host cell was confirmed to be suppressed by hypovirus 29 . The activity of extracellular cellulase was detected when cellulose was taken as sole carbon source. Northern blot analysis revealed that hypovirus infection reduced transcript accumulation and enzyme activity of extracellular cellulase 30 . Just like we described above, a large list of cell wall-degrading enzymes appeared to be suppressed in hypovirus-infected strain EP713. Thus, down regulation of a set of cell wall-degrading enzymes is a mechanism of hypovirus perturbation of fungal pathogenicity. This observation may partly explain the failure of previous experiment by knocking out a single gene encoding cell wall-degrading enzyme that did not show a hypovirulent phenotype 31 . Plants have defense systems to protect themselves when attacked by pathogenic fungi. Pathogens, in turn, respond by unarming the host defense ability to aid its infection. In Blumeria graminis, peroxidase/catalase was shown to secrete outside the cell 32 . It reduces the effect of reactive oxygen species (ROS) on fungi, the production of which is the most common defense response of plants 33, 34 . The same situation appeared in Fusarium graminearum with Cu-Zn superoxide dismutase (SOD), which was also detected outside the cell 35, 36 . In this study, we showed that SOD secreted by the C. parasitica was down-regulated by hypovirus, providing a line of evidence that hypovirulence of EP713 may in part result from its lowered ability to encounter ROS stress imposed by the host plant. The 14-3-3 proteins are a class of highly conserved proteins, which can be found in all eukaryotes 37 . They are able to bind numerous proteins and are involved in many biological processes. In Candida albicans, one type of 14-3-3 protein can mediate pathways associated with virulence 38 . Observation of this protein in secretome of C. parasitica and suppressed expression level in EP713 suggests that pathogenic fungi adapt to the environment via their own protein-protein interactions 39 and this process was disrupted by hypovirus infection. Cyclophilin has been implicated in pathogenesis of the rice blast fungus Magnaporthe oryzae, by regulation of appressorium turgor generation, lipid biosynthesis, and the development of asexual spores 40 . A functional homologue of cyclophilin-encoding gene (cyp1) is also present in C. parasitica, which is initially annotated by the analysis of expressed sequence tags 41 . This gene has been recently shown to be a virulence factor and to have a positive correlation with the expression of key components of the heterotrimeric G-protein signaling pathway 42 . Down-regulation of CYP1 both in intra-and extracellular by hypovirus thus can explain in part the mechanism underlying the hypovirulence of C. parasitica upon being infected by a hypovirus.
One of the most important housekeeping enzymes, glyceraldehyde-3-phosphate dehydrogenase (GAPDH), was observed to be differentially secreted in our proteomic results. In the study of pathogenic microorganisms, GAPDH was found to appear on cell surface of Streptococcus spp., Candida albicans and Escherichia coli playing various roles including transferrin binding, surface antigen and signal transduction between pathogens and host cells [43] [44] [45] [46] . The role of GAPDH served as a potential virulence factor has been discussed 47 .
Laccase is a poly-phenol oxidase and related to fungal virulence 48 , the pigmentation of fungal spores 49 , and lignin degradation 50 . In C. parasitica, laccase A is extracellularly secreted and suppressed by the presence of hypovirus 51 . This protein was observed in sample of day 5, migrating from about pI 3.5 to pI 5.0 in 2-DE. The pI of the nascent laccase A is 5.4 and this enzyme was reported to function best at pH 2.5 48, 51 . Thus, we speculate that phosphorylation modification causes this migration pattern (Fig. 1) . In addition to laccase A, laccase 3 was identified by iTRAQ in sample of day 3. It seems that laccase 3 and laccase A are secreted at different time, forming a time scenario of secretion of laccase enzymes in C. parasitica. Both laccase 3 and laccase A were down-regulated by the hypovirus infection.
Cryparin was not identified in our current study. Cryparin is known to be secreted at high levels 16 . Cryparin is a fungal hydrophobin and could be secreted into the culture medium, but it bounds to the cell wall rapidly and entirely, resulting in little amount in the culture medium 16, 17 . A number of intracellular proteins, such as ribosomal proteins and nascent polypeptide-associated complex (NAC), were found up-regulated in the medium with hypovirus-infected strain EP713 (Table 1) . How these proteins enter into the medium remains unknown. Observation under light microscope revealed intact mycelia and gel electrophoresis of the extract of the culture medium with fungal mycelia showed no sign of degraded DNA for both EP155 and EP713 (our unpublished data). A second reason not in favor of the assumption of cell death and rupture is that intracellular proteins released were not in proportion to the proteins within the cell. Thus a significant cell death or rupture in EP713 sample of day 3 could be ruled out. It is speculated that release of intracellular proteins in EP713 could be through an unspecified process. C. parasitica is composed of a rigid cell wall and broken mycelia of C. parasitica in liquid medium is hard to distinguish.
The knowledge of secretory pathway in filamentous fungi was still limited. It was generally divided into classical and non-classical pathway 15 . Fungal cells utilized endoplasmic reticulum (ER) and Golgi compartment to process secretory protein through vesicle-mediate transport system in classical pathway 15 . In previous study, the vesicle-mediate transport system of C. parasitica was found to be disturbed by hypovirus infection and the transport efficiency of cargo proteins was reduced 4 . Inspection of mRNA abundance determined by RNA-seq (Supplemental Table 7 ) revealed a different pattern as compared with protein pattern in the secretome (Tables 1  and 2 ), suggesting that both mRNA regulation and secretory pathway regulation contribute to protein secretome. Combined, we propose that hypovirus targets both the secretory pathway and vesicle-mediate transport system to regulate the protein secretion in C. parasitica.
With the identification of the secretome and unveiling the discrepancy between the wild type strain EP155 and hypovirus-infected strain EP713, we suppose that hypovirus perturbs the secretory pathways is one of the major mechanisms responsible for hypovirulence in C. parasitica. Viral infection results in reduction of a group Scientific RepoRts | 6:34308 | DOI: 10.1038/srep34308 of extracellular enzymes vital for the fungus to acquire nutrients from the environment and pathogenicity-related factors to encounter the host defense, and leakage of intracellular functional proteins that would impact the fitness of the fungus (Fig. 5) . Finally, the availability of a list of secreted proteins and hypovirus as a tool to manipulate the secretome of C. parasitica provides a key to probe the protein secretion mechanisms, including the classical pathway and the non-classical pathway in a pathogenic fungus.
Methods
Fungal strains and culture conditions. The fungal strains used in this work were the virus-free strain EP155 (ATCC 38755) and virus-infected strain EP713 (ATCC 52571). The fungal strains were cultured on solid potato dextrose agar (PDA) medium and EP complete liquid medium. The culture condition was described in the previous study 20 .
Extraction and 2-DE analysis of the fungal proteins. The intracellular fungal proteins were extracted from cultured mycelia in EP liquid medium by using TCA-acetone method. A half gram of fungal mycelia was ground into powder in liquid nitrogen and re-suspended in 1 ml of pre-cold acetone (− 20 °C) containing 10% TCA and 0.07% β -mercaptoethanol. After incubation at − 20 °C for 30 min, the protein was pelleted at 18,000 g at 4 °C for 20 min. The protein pellet was washed with ice-cold acetone, air-dried, and then re-suspended in 1 ml of lysis buffer (7.5 M urea, 2.5 M thiourea, 12.5% glycerol, 50 mM Tris, 2.5% n-Octylglycoside, 6.25 mM TCEP, and 2% protease inhibitor). After being ultrasonicated at 200 W for 1 min with 12 s/interval 15 s, the protein sample was centrifuged at 18,000 g at room temperature for 20 min. The supernatant was stored at − 20 °C and prepared for Western blotting. The modified sevag method was chosen for extraction and purification of the secreted proteins. A half volume of chloroform/butanol (4:1) was added to the mycelia-free culture medium and mixed thoroughly. The protein-containing interface phase was transferred and centrifuged at 10000 g for 5 min. After removing the supernatant, the pellet was washed 3 times with washing buffer (0.3 M guanidine hydrochloride in 95% ethanol), and one time with anhydrous ethanol. The pellet was dissolved in lysis buffer (7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, 0.5% cocktail of protease inhibitors) and centrifuged at 18000 g at 4 °C for 20 min. The proteins in the supernatant were precipitated by using TCA-acetone method as described above. The dried protein pellet was solubilized in 100 μ l of lysis buffer.
The analysis of 2-DE and in-gel mass spectrometry were carried out as previously described 20 . Each of 200 μ g proteins was rehydrated in the rehydration buffer and applied to a non-linear pH 3-10 IEF strip. Isoelectric focusing was carried out on a IPGphor (GE Healthcare, USA) using the following parameters: 30 V, 6 h; 60 V, 6 h; 500 V, 1 h; 1000 V, 1 h; 1000-6000 V, 4 h; and 6000 V, 120000 Vh. After reduction and alkylation procedures, the strips were The fungal secretome consisted by intracellular components which secreted followed cell leakage, and extracellular components regulated by secretory pathway. After virus infection, intracellular components and secretory pathway were both regulated. This situation was shown by secretome changing tendency and further indicated that the aspects of nutrition acquisition, infective ability, energy metabolism and cell aging and death of this pathogenic fungus were regulated by virus infection which synthetically led to the phenomenon of hypovirulence.
mounted onto 12.5% polyacrylamide gels for second dimension electrophoresis. Three independent experiments of biological repeats were carried out to check the reproducibility of the protein samples from each time.
In-gel tryptic digestion and TOF-TOF-MS identification. In-gel digestion of protein was done according to the established protocol 52 . The peptides solution with CHCA matrix solution were analyzed on 4800 plus MALDI-TOF/TOF mass spectrometer (Applied Biosystems, USA) in the m/z range 800-3500. The combined PMF search was carried out using GPS Explorer ™ software with the MASCOT search engine against C. parasitica database v1.0 (39 genome scaffolds totaling 43.9 MB, 11,184 gene models) from JGI website (http://genomeportal. jgi-psf.org/Crypa1/Crypa1.download.ftp.html) on a local server.
iTRAQ labeling and strong cation exchange fractionation. Amicon 10 kDa centrifugal filters (Millipore, USA) were used for protein purification and concentration before labeling. An amount of 100 μ g pre-treated protein samples were reduced, alkylated, digested and labeled with iTRAQ kit (Applied Biosystem) according to the manufacturer's protocol. iTRAQ reagent 117 and 116 were used to label protein samples of EP155 and EP713, respectively. Three independent biological samples (fungal culture batches) were used to ensure the reproducibility of the results.
Labeled peptides were subjected to strong cation exchange (SCX) fractionation and separated by Agilent 1100 HPLC (Agilent Technologies, USA) using a Polysulfoethyl 4.6 × 100 mm column (5 μ , 200 Å) (PolyLC Inc, USA). Fractions were collected automatically into a microwell plate with AFC fraction collector using SCX buffer A (10 mM KH 2 PO 4 , 25% ACN) and B (500 mM KCl, 10 mM KH 2 PO 4 , 25% ACN). The following method of gradient elution with buffer B was used: 0-10% B for 7 min, 10-20% B for 10 min, 20-45% B for 5 min, and 45-100% B for 5 min. Collected fractions were dried by vacuum centrifugation and stored at − 20 °C.
RPLC and MS/MS identification.
Reversed-phase high performance liquid chromatography (RPLC) analysis of SCX fractions was carried out on Zorbax 300SB-C18 peptide traps (Agilent Technologies, USA) using RP-C18 0.15 × 150 mm column (Column Technology Inc.) with buffer A (0.1% methanoic acid) and B (0.1% methanoic acid, 84% ACN) by gradient elution: 0-4% B for 1 min, 4-50% B for 100 min, 50-100% B for 12 min, and 100% B for 6 min.
After desalination and separation by RPLC, the peptides were analyzed on LTQ Orbitrap Velos (Thermo Scientific, USA) in a data-dependent mode with the MS scan range of m/z 350-1800. The survey scans were acquired through the Orbitrap analyzer at a normal mass resolution of 60,000 at 400 m/z. Precursor ion isolation window width was set to 2 amu. Dynamic exclusion settings were: Repeat count 1, Exclusion list size 500, Exclusion duration 80 s, Exclusion mass width relative to precursor ± 10 ppm. Eight of most intense precursor ions were selected for MS/MS in the mode of collision induced dissociation (CID) with 35% normalized collision energy, activation Q 0.7, and activation time 100 ms. Charge state screening was on 1+ and unassigned rejected. MS/MS spectrum was acquired in the Ion Trap analyzer at normal speed. Proteome Discoverer 1.3 (Thermo Fisher Scientific) software was used to search the mass spectrometric data with SEQUEST search engine against C. parasitica database v1.0 from JGI website (http://genomeportal.jgi-psf.org/Crypa1/Crypa1.download.ftp. html). Precursor ion mass tolerance was set to 10 ppm and fragment mass tolerance was set to 0.8 Da. Two missed cleavages were allowed using trypsin as endoprotease. iTRAQ modification of lysine residues and peptide N termini was set as fixed modifications and variable modifications respectively. The peptides from known contaminations such as keratin were excluded in search parameters. A decoy database search for determining false discovery rate (FDR) was set for maximum 1%. A protein that appeared in all three independent experiments was considered valid.
Antibody preparation and Western blot analysis. The peptide CQQSYTGPTAFDLSD of the 22 kDa glycoprotein which was identified as a highly abundant secreted protein in 2-DE gel 20 , was used to generate polyclonal antibody in rabbit (GenScript USA Inc., Chinese branch, Nanjing). The antibodies against 14-3-3 protein, GAPDH and prohibitin were purchased from Bioss Inc (China). Antibodies at 1:1000 dilutions were used for Western blotting. Secreted protein samples were separated in 12% SDS-PAGE and transfered to PVDF membranes (Millipore, USA) in Hoefer TM TE 77 semi-dry transfer unit (Hoefer, USA). Pierce Western blotting substrate (Thermo Scientific, USA) was used to detect immunoblotting, following instruction of the manufacturer.
Computational analysis of the secreted proteins. The identified proteins by iTRAQ technology were classified according to GO using the QuickGo online tools 22 . BLAST search against secretomes of other species was performed on FSD platform 21 . For comparative analysis of secretomes, the significance level was set at 95% (p < 0.05) for each individual protein. Peptides which may be contained in different proteins were filtered and excluded. A threshold of 1.5-fold change was set to define a regulated expression. An average from three independent experiments for each protein expression level was adopted.
Fungal RNA extraction and sequencing. Total RNA was extracted according to the established method in previous report 53 . The same sample collected on the same day and time was used for the mRNA extractions. mRNA selection, library preparation and sequencing was performed on an Illumina GAIIx sequencer according to manufacturer specifications. We sequenced two 81-cycle paired-end lanes and analyzed transcriptomic data using TopHat and Cufflinks protocol 54 .
